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Screening throughput is a key in directed evolution
experiments and enzyme discovery. Here, we des-
cribe a high-throughput screening platform based
on a coupled reaction of glucose oxidase and a
hydrolase (Yersinia mollaretii phytase [YmPh]). The
coupled reaction produces hydroxyl radicals through
Fenton’s reaction, acting as initiator of poly(ethylene-
glycol)-acrylate-based polymerization incorporating
a fluorescent monomer. As a consequence, a fluo-
rescent hydrogel is formed around Escherichia coli
cells expressing active YmPh. We achieve five times
enrichment of active cell population through flow
cytometry analysis and sorting of mixed populations.
Finally, we validate the performance of the fluores-
cent polymer shell (fur-shell) technology by directed
phytase evolution that yielded improved variants
starting from a library containing 107 phytase vari-
ants. Thus, fur-shell technology represents a rapid
and nonlaborious way of identifying the most active
variants from vast populations, as well as a platform
for generation of polymer-hybrid cells for biobased
interactive materials.
INTRODUCTION
Today’s state-of-the-art enzyme screening technologies have a
throughput of up to 107 events per hr, and flow cytometer as well
as microfluidic systems emerged as robust screening formats
(Griffiths and Tawfik, 2006; Wong et al., 2006). High-throughput
technologies determine strategies and success probabilities in
directed evolution experiments and play a pivotal role in the
question of whether new enzymes can efficiently be isolated
from metagenome libraries (Lorenz and Eck, 2005; Wong et al.,
2006). Flow cytometer-based screening systems require a fluo-
rescent-based product detection in compartments (e.g., cells
or water-in-oil-in-water emulsions) to discriminate among
enzyme variants. Highlights in advancing flow cytometer-based
screening systems were the sorting of enzyme variants insideChemistry & Biology 21, 1733–174of double emulsions that were expressed in vitro, in cell lysates,
or in whole cells (Zinchenko et al., 2014; Mastrobattista et al.,
2005; Tu et al., 2011). A main challenge in emulsion systems
is to prevent a diffusion of the fluorescence product from the
reaction compartments (cells, emulsions) into the surrounding
medium (Courtois et al., 2009).
Fluorescent-labeled hydrogels are used as a reliable fluores-
cent-based screening technology in eight-well strip plate format
for antigen detection (Berron et al., 2011). Fluorescent mono-
mers are thereby copolymerized during hydrogel formation as
a result of a glucose oxidase (GOx)-catalyzed conversion
of b-D-glucose into d-gluconolactone. The formed hydrogen
peroxide generates hydroxyl radicals in presence of ferrous
ions (Fe2+) and water. Subsequently, the hydroxyl radicals act
in presence of poly(ethyleneglycol) (PEG)-acrylate as initiators
for synthesis of PEG-based hydrogels (Johnson et al., 2009).
Interestingly, the radical-initiated polymerization is efficiently
catalyzed at ambient temperature by GOx and unaffected by
dissolved oxygen (Iwata et al., 1991). PEG-based hydrogels
are highly permeable, biocompatible, and have been used to
entrap bacteria through thiol-ene click reactions or N,N,N0,N0-
tetramethylethylene-diamine and potassium persulfate; alterna-
tively ‘‘DNA-damaging’’ UV light exposure was used for radical
generation (Browning and Cosgriff-Hernandez, 2012; Lee et al.,
2010; Lutz, 2008; Phelps et al., 2012; Rossow et al., 2012). In
addition, fibroblasts cells (NIH 3T3) have been shown to be highly
viable after entrapment in PEG-based hydrogels generated by
GOx-mediated polymerization (Johnson et al., 2009).
Fluorescent hydrogels that surround cells are therefore an
attractive novel compartment technology for flow cytometer-
based screening systems to which we refer as ‘‘fur-shell’’ tech-
nology. A prerequisite is the formation of a fluorescent polymer
shell that can be linked to the activity of expressed enzyme
variants.
In this work we report a screening technology platform that
usesEscherichia coli cells with a PEG-methacryloxyethylthiocar-
bamoyl-rhodamine B (Polyfluor 570) hydrogel shell. PEG-Poly-
fluor 570 hydrogel shell formation is triggered through a coupled
enzymatic reaction (YmPh/GOx) using PEG-acrylate monomers
in the presence of Polyfluor 570 (Figure 1).Yersiniamollaretii phy-
tase (YmPh) catalyzes the hydrolysis of glucose-6-phosphate
to b-D-glucose and phosphate (Figure 1A). The b-D-glucose is
oxidized by supplementedGOx to d-gluconolactone and thereby2, December 18, 2014 ª2014 Elsevier Ltd All rights reserved 1733
Figure 1. Fur-Shell Technology Using a Coupled Phytase/GOx Reaction Cascade Leading to a Fluorescent Hydrogel Shell Formation
(A) Glucose-6-phosphate is hydrolyzed by YmPh, releasing b-D-glucose and inorganic phosphate.
(B) Produced b-D-glucose is converted by GOx to d-gluconolactone and thereby generates hydrogen peroxide. In presence of Fe2+ and hydrogen peroxide,
hydroxyl radicals are formed (Fenton’s reaction).
(C) In the presence of hydroxyl radicals, PEG-DA, Polyfluor 570, and 1-vinyl-2-pyrrolidonemonomers polymerize and generate, due to incorporated Polyfluor 570,
a fluorescent hydrogel around E. coli cells that express active YmPh variants.
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late-based polymerization with copolymerization of fluorescent
Polyfluor 570 (Figure 1C). The developed flow cytometer-based
screening platform was validated by screening an error-prone
PCR (epPCR) mutant library of YmPh.
RESULTS
Results are divided into three parts in which the developed
fur-shell technology platform is introduced, optimized, and vali-
dated in a directed YmPh evolution experiment. In the first sec-
tion, the principle of the coupled YmPh/GOx reaction system is
described. The second section comprises an optimization of
hydrogen peroxide formation inmicrotiter plate format, and poly-
mer shell formation is analyzed by confocal microscopy and
scanning force microscopy (SFM) measurements. The third sec-
tion describes a validation of the two-coupled enzyme reaction
system (YmPh/GOx) by screening of a YmPh mutant library in
a flow cytometry setup and analyzing sorted populations.
The Principle of the Coupled YmPh/GOx
Screening System
The coupled YmPh/GOx reaction system for detecting YmPh
activity through fluorescence measurement of Polyfluor 570 in1734 Chemistry & Biology 21, 1733–1742, December 18, 2014 ª2014a PEG-based hydrogel shell surrounding E. coli cells that ex-
press functionally active YmPh phytase [YmPh (+) cells] is shown
in Figure 1. In the first step, YmPh catalyzes the hydrolysis of
glucose-6-phosphate into b-D glucose and phosphate (Fig-
ure 1A). In the second step, GOx oxidizes b-D-glucose to d-glu-
conolactone and thereby generates hydrogen peroxide. Fe2+
and hydrogen peroxide produce free hydroxyl radicals (Fenton’s
reaction) (Figure 1B), which initiate hydrogel formation by
polymerizing PEG-acrylate monomers (Baxendale et al., 1946).
During the polymerization reaction, fluorescent Polyfluor 570 is
copolymerized into growing hydrogels that form in a fur-like
manner around E. coli cells that contain functional YmPh variants
(see Figure 4). Polyfluor 570 has an excitation maxima at lex
548 nm and emission maxima at lem 570 nm (Figure 1C).
Optimization of Coupled YmPh/GOx Reaction
in Microtiter Plate Format
Hydrogel formation is initiated by hydroxyl radicals through Fen-
ton’s reaction. The amount of generated hydroxyl radicals is
directly proportional to the amount of produced hydrogen
peroxide during oxidation of b-D-glucose. The 2,20-azino-bis(3-
ethylbenzothioazioline-6-sulfonic acid (ABTS) assay was used
for determining the hydrogen peroxide concentration and for
optimizing the coupled YmPh/GOx reaction system in 96-wellElsevier Ltd All rights reserved
Figure 2. Overlay of Fluorescence and
Transmission Images that Are Recorded
by Confocal Microscope Measurements
(A) E. coli BL21(DE3)LacIQ1/empty pALXtreme-5b
cells without YmPh. Detected background activity
likely comes from E. coli phosphatases.
(B) E. coli BL21(DE3)LacIQ1/pALXtreme-5b cells
expressing active YmPh. Both cell types are
incubated under optimized polymerization condi-
tions for 16 min. Details on reaction parameters
are described in Experimental Procedures.
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ABTS assay between YmPh (+) and empty vector-containing
YmPh () cells under nonoptimized reaction conditions is shown
in Figure S1A (available online). After optimization, a 7-fold
signal-to-noise ratio was obtained after 16 min of reaction time
with the ABTS assay and is shown in Figure S1B. Optimal signal
was obtained by using 20 mM glucose-6-phosphate as sub-
strate. Without supplementing glucose-6-phosphate (Figure S2)
or GOx, no background reaction could be detected with the
ABTS microtiter plate assay.
Detection of YmPh/GOx-Initiated Hydrogel
Polymerization
Hydrogel polymerizations on the surface of E. coli cells were
initiated with the addition of 24.8% PEG575-diacrylate (DA),
2.5% 1-vinyl-2-pyrrolidone, 0.005% Polyfluor 570, and 25 mM
Fe2SO4$7H2O in a total reaction volume of 5 ml. After 16 min
incubation, E. coli cells were washed, and the extent of polymer-
ization was visualized by confocal microscopy (TCS SP8, Leica
Microsystems). Overlays of transmission and fluorescence im-
ages illustrate labeling efficiency with copolymerized Polyfluor
570 of YmPh () cells (Figure 2A) and YmPh (+) cells (Figure 2B).
Comparison of both figure panels demonstrates a striking differ-
ence in fluorescence polymer shell formation with YmPh (+) and
YmPh () cells. The E. coli phosphatases are likely responsible
for the slight background signal in YmPh () cells (3.7-fold less
fluorescence intensity on average, determined by gray level
quantification using NIH ImageJ software) (Garen and Levinthal,
1960).
SFM has been reported as a reliable method to investigate
morphological changes on the surfaces of bacterial cells (Came-
sano et al., 2000). Therefore, SFM measurements of YmPh ()
and YmPh (+) cells were performed to confirm and to analyze
polymer shell formation around YmPh (+) cells. Treated YmPh
() and YmPh (+) samples were washed five times with deminer-
alized water prior to SFM measurements to avoid formation
of salt crystals from PBS during the drying process. An SFM
phase image of a single, dried E. coli cell (negative control) is
shown in Figure 3A. The E. coli cell retains its shape with a rela-
tively smooth surface after drying. An SFM phase image of a
single, dried YmPh () cell that was incubated with 20 mM
glucose-6-phosphate, 1.58 mM GOx, 24.8% PEG575-DA, and
2.5% 1-vinyl-2-pyrrolidone for 16 min (background reaction)
is shown in Figure 3B. The E. coli cell shows the formation of aChemistry & Biology 21, 1733–174wrinkled structure on the surface that on one hand may occur
due to surface instabilities during shrinkage of the cell upon dry-
ing and on the other hand may also point to the formation of a
small polymer brush. The latter is in accordance to the results
obtained by confocal microscopy (faint fluorescent signal). A
YmPh (+) cell (Figure 3C) under identical incubation conditions
displays pronounced and significantly more heterogeneous fea-
tures in the polymer shell surrounding the E. coli cell compared
to the background reactions shown in Figure 3B. In addition,
the phase images and the height profiles (cross-section in insets
in Figure 3) show a polymer shell stretching across the silicon
wafer and surrounding the E. coli cells, again confirming the
successful polymerization around the cells. Height profile and
phase image in Figure 3C clearly indicating the corona formed
by the polymer shell (black circles) explain why YmPh (+) cells
show a 3.7-fold enhanced fluorescence in confocal microscope
analysis (Figure 2).
Flow Cytometry Analysis of YmPh Cells with a Defined
Active-to-Inactive Ratio
Cultures of YmPh (+) and YmPh () cells and two mixtures with a
ratio of 1:9 and 3:7 [YmPh (+) versus YmPh ()] were analyzed for
determining parameters to efficiently sort through flow cytome-
try. Analysis and sorting were performed with an event rate of
5,000 cells s1. Figure 4 shows that an increasing amount of cells
expressing active YmPh leads to a clear shift toward higher fluo-
rescence (Figure 4). In case of 0% YmPh (+), 2% of the popula-
tion is located inside the gate (P1) that was used for sorting active
variants (Figure 4A). Analysis of a 10% YmPh (+) population re-
sults in 15% positive events inside the gate (P1) (Figure 4B),
whereas, for 30% YmPh (+), 55% of the population is within
the sorting gate (P1; Figure 4C). Analysis of a 100% YmPh (+)
population shows 81% of the population being inside the gate
(P1) (Figure 4D).
Cells of a sorted population were subsequently grown on LB
plates (Greiner Bio-One) supplemented with 100 mg/ml ampicllin
(LBAmp) and transferred into two 96-well microtiter plates for
expression. YmPh activities were determined using the reported
4-methylumbelliferylphosphate (4-MUP) detection system (Shi-
vange et al., 2011; Garrett et al., 2004). An enrichment factor of
5 was achieved when sorting a 10% YmPh (+) population and
2.9 with a 30% YmPh (+) population. The obtained enrichment
validated the fur-shell platform as an attractive alternative to
emulsion-based encapsulation technologies.2, December 18, 2014 ª2014 Elsevier Ltd All rights reserved 1735
Figure 3. SFM Height and Phase Images, z-Range: 700 nm, 35–40; Image Size 3 3 3 mm, with Respective Cross-Sections
Positions of cross-section are marked in height images with white bars. Dotted lines indicate the formation of a ‘‘corona’’ around hydrogel-forming cells. Black
circles in the graphs are used to highlight regions of formed corona.
(A) Untreated E. coli BL21(DE3)LacIQ1 cell.
(B) YmPh () cells, incubated with 20 mM glucose-6-phosphate, 1.58 mM GOx, 24.8% (w/w) PEG575-DA, and 2.5% (w/w) 1-vinyl-2-pyrrolidone for 16 min.
(C) YmPh (+) cells, treated with 20 mM glucose-6-phosphate, 1.58 mM GOx, 24.8% (w/w) PEG575-DA, and 2.5% (w/w) 1-vinyl-2-pyrrolidone for 16 min.
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was analyzed using flow cytometer by sorting and quantification
of colonies on LBamp agar plates. The survival rate of treated cells
decreased from 108 (±3.5%) colony-forming units (cfu) ml1 to
7 3 106 (±6.7%) cfu ml1.
Generation and Screening of a YmPh Mutant Library
An epPCR library of YmPh was generated using 0.2 mM MnCl2,
and activity determination of 200 random clones with the 4-MUP
assay in 96-well microtiter plates resulted in 40% active variants.
Average mutation frequency of the library was determined to be
4.8 mutations per gene by sequencing five randomly selected
mutants. Clones were considered as ‘‘active’’ when the increase
in fluorescence per s was at least three times higher than the
increase in fluorescence per s of YmPh () cells.
Flow cytometry analysis of the random mutagenesis YmPh
library in E. coli BL21(DE3)LacIQ1 is shown in Figure 5A. Mea-
surement of fluorescence intensity determines the fraction of
active population to 37%, which correlates with the results in
microtiter plate format. In total 107 events were analyzed, and
the 10% most fluorescent population (gate P1) was sorted with
a 90% efficiency (Figure 5B). The activity profiles of 96 random
variants from the epPCR library before and after sorting are
shown in Figures 5C and 5D, respectively. Active variants from
the epPCR library were enriched 2.2-fold to reach a fraction of
89% active YmPh variants.
In total, 1,000 YmPh variants within the sorting gate P1 were
collected and plated onto LBAmp agar plates and transferred
into 96-well microtiter plates. YmPh activity was determined
using the 4-MUP activity detection system. Eleven YmPh vari-
ants showed an increased 4-MUP activity (1.3–3.0-fold with a1736 Chemistry & Biology 21, 1733–1742, December 18, 2014 ª2014SD of 11.8% in the 4-MUP detection system). After rescreen-
ing variant M1 was finally chosen for purification and kinetic
characterization.
Characterization of Wild-Type YmPh and Variant M1
The YmPh variant M1 (Gly7Cys, Ala166Thr, Gly335Ser,
Gly353Asp, His433Arg), was purified, kinetically characterized,
and compared to YmPh wild-type in terms of 4-MUP and phytic
acid conversion (Tables S1 and S2). The pH profile of M1 for
phytic acid was slightly broadened compared to YmPh wild-
type (Figure S3). Remarkably, YmPh and M1 showed a pH opti-
mum of 4.5 for phytic acid (Figure S3) and a pH optimum of
3.9 for 4-MUP (Figure S4). Monomeric enzymes display Michae-
lis-Menten kinetics, whereas multimeric enzymes often show
allosteric interactions with sigmoidal kinetics that can be quanti-
fied by the Hill coefficient (Hill, 1910). Sigmoidal kinetics of YmPh
(tetramer, 188 kDa; monomer, 47 kDa) and M1 were deter-
mined at pH 4.5 using sodium phytic acid and 4-MUP. For
both variants a Hill coefficient greater than 2 shows a coopera-
tive binding between the different monomers of the enzyme.
M1 showed a 31% increased catalytic activity (kcat = 1,293 ±
61 s1) for the 4-MUP substrate compared to YmPh wild-type
(Table S1) and a slightly (5%) increased activity for the natural
substrate phytic acid (kcat = 5,541 ± 157 s
1; see Table S2).
DISCUSSION
The developed fur-shell technology platform for flow cytometer-
based sorting achieves a throughput of 1.8 3 107 events per hr,
leading to approximately 107 screened events in a single exper-
iment. Fur-shell technology platform uses a new principle forElsevier Ltd All rights reserved
Figure 4. Flow Cytometry Analysis of YmPh-Expressing Cells Mixed in Different Active and Inactive Ratios
(A) 0% YmPh (+) cells, 100% YmPh () cells.
(B) 10% YmPh (+) cells, 90% YmPh () cells.
(C) 30% YmPh (+) cells, 70% YmPh () cells.
(D) 100% YmPh (+) cells, 0%YmPh () cells. The results are plotted as forward scatter (FSC) versus fluorescence signal (lex 561 nm and lem 585 nm). Density of
the population is represented as red > yellow > green > blue dots. Lines indicate gate P1 that was used as sorting filter for a fluorescent population.
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variants. The detection principle involves a coupled enzymatic
reaction that generates b-D-glucose from glucose-6-phosphate.
The b-D-glucose is subsequently converted to d-gluconolactone
by GOx, producing hydrogen peroxide, which initiates fluores-
cent hydrogel formation on the E. coli surface of active cells.
The excellent signal-to-noise ratio allows efficient discrimination
between active and nonactive variants (see Figures 4 and 5) and
enables the enrichment of active clones. Figure 6 shows the
flow cytometer sorting principle for the fur-shell technology
with a throughput of 1.8 3 107 events per hr used in a coupled
enzyme reaction with a phytase (YmPh) as a model hydrolase
of commercially important enzymes (additive in animal feed;
USD 195 million world-market) (Walsh et al., 1993). Validation
was performed in a directed YmPh evolution experiment with aChemistry & Biology 21, 1733–174subsequent rescreening of 11 variants in 96-well microtiter plate
format using a previously reported screening system (Shivange
et al., 2011). Approximately 10 million events were screened
in a single round of directed phytase evolution. The library was
enriched from 40% active variants to 89% active variants after
one round of sorting. In the microtiter-plate-based rescreen,
the variant M1 was finally identified and exhibits a 97 U mg1
higher specific activity for screening with substrate 4-MUP;
interestingly, also the natural substrate phytic acid is converted
faster (increase by 88 U mg1). The latter represents a remark-
able increase in specific activities in a single round of evolution
(Tee and Schwaneberg, 2007).
The fur-shell screening platform represents a report for a ‘‘self-
encapsulation’’ of cells. Table 1 summarizes flow cytometer- and
microfluidic-based screening systems with the encapsulation2, December 18, 2014 ª2014 Elsevier Ltd All rights reserved 1737
Figure 5. Flow Cytometer Analysis of the YmPh Mutant Library and Activity Determination Using Substrate 4-MUP before and after Sorting
(A) Density plot of the YmPhmutant library shows the initial population: FSC versus side scatter (SSC) and FSC versus fluorescence intensity (lex 561 nm and lem
585 nm) (0.2 mM MnCl2 epPCR).
(B) Reanalysis of the sorted YmPh mutant library comprised 10% of the most fluorescent population. The phytase activity of a sample of the population was
determined using the 4-MUP detection system in 96-well microtiter plate format.
(C and D) Bar graph of the YmPh mutant library after sorting shows 89% active variants (C) and bar graph of the YmPh mutant library before sorting shows 40%
active variants (D). Activity of wild-type YmPh is highlighted as black bar.
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and nomenclature of the enzymes used for directed evolution.
Cell display, agar plate, and microtiter plate formats are
excluded from Table 1 since their performance and importance
of throughput for directed evolution strategies have been
recently discussed (Ruff et al., 2013; Dennig et al., 2011; Dietrich
et al., 2010). In essence these reports conclude that the
throughput technology allows sampling through a protein
sequence space that can be generated by peptides as short
as six to seven amino acids. Most proteins are significantly
larger, and for exploring novel directed evolution strategies
with high mutational loads, screening systems with throughputs
higher than 107 are needed.
With respect to the importance and intensive research efforts,
only relatively few compartmentalized screening systems have
successfully been reported in directed evolution campaigns in
the past 5 years (Ruff et al., 2013; Prodanovic et al., 2011,
2012; Tu et al., 2011). Main challenges in compartmentalization
systems are achieving a sufficiently stable and homogeneous
double emulsion population and preventing diffusion of fluores-
cent products into the surrounding media. Compartments have
been made mainly of water-oil-water emulsions, polymersomes,
or liposomes. All three compartmentalization technologies share
a common strategy in which a diffusion barrier is generated
to confine a reaction within the compartment (di- or triblock
copolymers; lipids or surfactant-stabilized, water-immiscible oil1738 Chemistry & Biology 21, 1733–1742, December 18, 2014 ª2014phases) (Fallah-Araghi et al., 2012; Nallani et al., 2009; Sunami
et al., 2006).
The fur-shell platform is, from a technical point of view, a
robust and technically less demanding alternative since the
generation of a double emulsion is omitted. Within the fur-shell
technology, the E. coli membrane is used as ‘‘natural confined
barrier,’’ and its surface is used as template for a hydrogel
production in a reaction time of 1 hr (including preparation
and washing steps). The copolymerization of small fluorescent
molecules (Polyfluor 570) into the hydrogel structure ensures a
stable fluorescence signal without leakage, and efficient sorting
of E. coli cells that harbor an active YmPh variant is achieved
(Figure 5).
The fur-shell technology platform can—from our point of
view—be adapted to other hydrolytic enzymes, e.g., cellulases,
lipases, and esterases, using substrates in which b-D-glucose is
released upon hydrolysis (e.g., cellobiose or glucose-pentaace-
tate). The flow cytometer based fur-shell technology reduces
time requirements for one round of evolution and enables
likely an efficient screening of metagenome libraries in E. coli.
However, single-cell-based flow cytometry screening systems
often exhibit significant differences in catalytic performance,
depending on the metabolic states of cells (Heinemann and
Zenobi, 2011). We therefore see the main application of the
fur-shell technology, as for flow cytometer-based screen-
ing systems in general, as prescreening systems enablingElsevier Ltd All rights reserved
Figure 6. Flow Cytometer-Based Sorting
Principle of the Fur-Shell Screening
Technology Using a YmPh/GOx-Coupled
Reaction
Cells expressing active YmPh release b-D-glucose
and generate, in the coupled GOx reaction,
hydrogen peroxide, which initiates polymerization
and finally buildup of a fluorescent Polyfluor
570-containing hydrogel. Sorting of fluorescent
E. coli cells is performed at lex 561 nm and lem
585 nm, with a sorting speed of 5,000 cells per s.
MTP, microtiter plate.
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the most active variants from vast populations and for explor-
ing, for instance, novel mutagenesis strategies with high muta-
tional loads.
In addition, we see promising applications of fur-shell tech-
nology for ‘‘E. coli-template’’-guided capsule formation or
generation of polymer-hybrid cells as attractive building blocks
for biobased interactive materials.
SIGNIFICANCE
Our work contributes especially to directed evolution and
enzyme discovery experiments by providing a methodology
for high-throughput screening of hydrolytic enzymes. Spe-
cifically, presented technology facilitates a rapid and nonla-
borious way of fluorescent labeling whole-cell libraries for
performing flow cytometer analyzes. This approach has
been shown to be effective for screening an epPCR library
containing 107 phytase variants and enriching the active
population up to 89%.Chemistry & Biology 21, 1733–1742, December 18, 2014 ªEXPERIMENTAL PROCEDURES
Materials
Chemicals and Materials
Chemicals were of analytical-reagent grade or
higher quality and purchased from Carl Roth,
Sigma-Aldrich, and AppliChem. Enzymes were
purchased from New England Biolabs. Oligonu-
cleotides were purchased from Eurofins Operon
in salt-free form. Polyfluor 570 was purchased
from Polysciences.
Plasmids and Strains
The YmPh gene (GenBank accession JF911533.1)
consists of a signal peptide with a cleavage site
between Ala17 and Ala18 (Shivange et al., 2011).
The gene was subcloned into pALXtreme-5b, re-
sulting in the construct named pALXtreme-5b
YmPh. Plasmid constructs and libraries were
transformed into E. coli XL10 ultracompetent
cells (Agilent Technologies). YmPh expression
and production were carried out in E. coli
BL21(DE3)LacIQ1 cells (Blanusa et al., 2010).
Protein Expression and Cell Labeling
The E. coli BL21(DE3)LacIQ1 cells containing
pALXtreme-5b YmPh or a mutant library were
cultivated in ZYM-505 noninducing media (10 ml,
8 hr, 37C, 250 rpm). The main culture (50 ml,
ZYM-5052 autoinducing medium) was inoculated with 500 ml of a preculture,
and cells were grown (16 hr, 37C, 250 rpm) (Studier, 2005). Subsequently,
cells were harvested by centrifugation and washed three times with sodium
acetate buffer (250 mM sodium acetate, 1 mM calcium chloride, and 100 ml
of Tween 20 [pH 5.5]) and diluted to a cell density of 1 (optical density 600).
Polymerization reactions were initiated by mixing cell suspensions in sodium
acetate buffer (2.4 ml [250 mM stock concentration]), glucose-6-phosphate
(0.5 ml [200 mM stock concentration]), GOx Type II (5 ml [1.58 mM stock con-
centration]), PEG575-DA [24.8% (w/w) final concentration]), 1-vinyl-2-pyrroli-
done [2.5% (w/w) final concentration]), Polyfluor 570 (50 ml [0.5% (w/w) stock
concentration]), and Fe2SO4$7H2O (5 ml [25 mM stock concentration]). Poly-
merization reaction proceeded for 16 min and was terminated by centrifuging
the cell suspension (18,350 3 g, 10 min, Eppendorf Centrifuge 5810 R) and
three times washing with phosphate buffer (PBS, 12 mM total phosphate
[pH 7.4]) to ensure removal of monomers.
Flow Cytometry Analyses and Cell Sorting
Cell analyses and sorting were performed using a BD Influx cell sorter (BD
Biosciences). The BD Influx flow cytometer operated with a 100 mm nozzle,
and PBS (1.05 mM KH2PO4, 3 mM Na2HPO4, and 155 mM NaCl) was used
as sheath fluid. A sample of Polyfluor 570-labeled cells was diluted 10 times
in PBS and analyzed according to forward and side scatter as well as to its
fluorescence intensity (lex 561 nm/lem 585 nm). Cells were sorted at a rate2014 Elsevier Ltd All rights reserved 1739
Table 1. Summary of Flow Cytometry- and Microfluidics-Based High-Throughput Screening Methods Validated in a Directed Enzyme
Evolution Experiment
Platform (Strain)
Obtained
Enzymes
Reaction
Encapsulation
Throughput
(Events s1) Improved Property Reference
Fur-shell technology
[E. coli BL21(DE3)LacIQ1]
phytase fluorescent
hydrogel shell
5,000 97 U mg1 higher specific
activity than wild-type
this report
In vitro
compartmentalization
(EcoProT7)
b-galactosidase extrusion, w/o/w
emulsions
20,000 >300 times higher kcat/KM
value than wild-type
Mastrobattista
et al., 2005
Whole-cell
compartmentalization
(yeast, InvSc1)
GOx stirring, w/o/w
emulsions
100 NA Prodanovic et al., 2011
(E. coli JM109) esterase extrusion, w/o/w
emulsions
8,000 2 times higher kcat/KM
value than wild-type
Ma et al., 2014
[E. coli BL21(DE3)] thiolactonase homogenizing,
w/o/w emulsions
4,000 100 times higher kcat/KM
value than wild-type
Aharoni et al., 2005
(E. coli TOP10F) b-glucosidase homogenizing,
w/o/w emulsions
a 1.8 times higher kcat/KM
value than wild-type
Hardiman et al., 2010
Whole-cells
(E. coli DH5a)
phosphatase whole cell 2,800 NA Choi et al., 2013
(E. coli JM107) glycosyltrans-
ferase
whole cell 4,000 16 times higher kcat/KM
value than wild-type
Yang et al., 2010
(E. coli TOP10) orthogonal
nucleoside
analog kinase
whole cell 2,000 substrate specificity,
10,000 times change in
substrate specificity
Liu et al., 2009
[E. coli BL21(DE3)] protease fluorescent cell-
surface labeling
b 180,000-fold change in
substrate specificity
Yoo et al., 2012
(E. coli JM109) esterase fluorescent cell-
surface labeling
15,000–
30,000
esterase enantioselectivity Becker et al., 2008
(E. coli JM107 NanA) glycosyltrans-
ferase
whole cell 4,000 400 times higher kcat/KM
value than wild-type
Aharoni et al., 2006
Microfluidic on-chip
sorting (Saccaromyces
cerevisiae MH34)
a-amylase cells in single
emulsions
323 two times more
a-amylase production
Sjostrom et al., 2014
w/o/w, water/oil/water; NA, not applicable.
aApproximately 1,000,000 sorted events.
bIn total 50,000,000 screened events.
Chemistry & Biology
Screening Platform (FACS) for Hydrolytic Enzymesof 5,000 events s1, allowing a throughput of 1.8 3 107 events per hr. Sorted
cells were collected in PBS, and aliquots of 100 ml were plated onto LBAmp
plates.
SFM
Untreated cells (negative control) or labeled YmPh (+) and YmPh () cell sam-
ples were washed five times with demineralized water to remove buffer and
avoid formation of salt crystals. One microliter of each cell sample was dried
on silicon wafers (Sigma-Aldrich), and surface images were recorded by
SFM, using an intermittent mode (Bruker Dimension Icon with OTESPA tips,
with a spring constant of 12–103 Nm1 and a resonant frequency of 278–
357 kHz).
Diversity Generation and YmPh Library Construction
A mutant library of YmPh was generated by epPCR. In detail, MnCl2 (0.2 mM)
was added to a PCR containing phosphorothioated primers (40 pmol,
PLIC_YmPh_FW: ctttaagaaggaGATATACATATGCGAT-TAACTG and PLIC_
YmPh_RV:ggctttgttagcAGCCGGATC), Taq-polymerase (5 U), dinucleotide
triphosphate-mix (0.2 mM each), and the DNA template (30 ng/ml) in TE buffer
(total volume of 50 ml). PCR was carried out as follows: initial denaturation
120 s at 94C; 30 cycles of denaturation 30 s at 94C, annealing 30 s at
57C, elongation 90 s at 68C; followed by a final elongation step, 10 min
at 68C.1740 Chemistry & Biology 21, 1733–1742, December 18, 2014 ª2014The amplification of the vector backbone was performed similarly as for the
insert by using the following primers (40 pmol, PLIC_pALX_FW: gctaa-
caaagccCGAAAGGAAGCT and PLIC_pALX_RV: tccttcttaaagTTAAACAAAAT
TATTTCTAGAGGGG) and adjusting the elongation time to 120 s at 68C.
PCR products were purified using NuceloSpin Gel and PCR Clean-up kit
according to the manufacturer’s protocol (Macherey-Nagel) and eluted in
demineralized water. Respective PCR constructs were subsequently assem-
bled by PLICing as previously reported and transformed into E. coli XL10 ultra-
competent cells (Agilent Technologies) (Blanusa et al., 2010). Transformation
efficiency was determined to be 50,000 cfu mg1 DNA, and transformation
was carried out two times in order to further increase the total number of cells
harboring a YmPh mutant. Subsequently, the transformed YmPh library was
grown in a liquid LBAmp culture, and plasmid DNA was harvested through
plasmid preparation, by using NuceloSpin Plasmid kit (Macherey-Nagel),
according to the manufacturer’s protocol. The isolated YmPh-plasmid mutant
library was transformed into competent E. coli BL21LacIQ1 cells for YmPh
expression.
Protein Expression in 96-Well Microtiter Plates
The E. coli colonies grown on LBAmp plates after flow cytometry sorting were
transferred using toothpicks into 96-well microtiter plates (flat-bottomed,
polystyrene plates, Corning) containing a noninducing ZYM-505 media
(150 ml) supplemented with ampicillin (100 mg ml1). After overnight cultivationElsevier Ltd All rights reserved
Chemistry & Biology
Screening Platform (FACS) for Hydrolytic Enzymesin a microtiter plate shaker (Multitron II, Infors; 37C, 900 rpm, 70% relative
humidity; 16 hr), each plate was replicated into a second plate containing
ZYM-5052 autoinduction medium (150 ml, supplemented with 100 mg ml1
ampicillin). The first set of 96-well microtiter plates was stored at 80C after
addition of glycerol (100 ml; 50%), and the second set of plates was incubated
(Multitron II, Infors; 37C, 900 rpm, 70% relative humidity; 10 hr) for autoin-
duced expression of YmPh variants and subsequent screening.
Screening in 96-Well Microtiter Plates
The 96-well microtiter plates containing sorted cells were centrifuged (Eppen-
dorf Centrifuge 5810 R, 3,2203 g, 4C, 20 min), and cell pellets were stored at
80C overnight. Cell pellets were thawed and lysed by the addition of lyso-
zyme (100 ml, 2 mg ml1, 50 mM Tris-HCl [pH 7.4]) followed by incubation
(37C, 1 hr). Clear supernatant was obtained by centrifugation (4C, 3,220 3
g, 20 min), and an aliquot from each well (60 ml) was transferred into a corre-
sponding one in a 96-well microtiter plate containing sodium acetate buffer
(140 ml, 250 mM sodium acetate; 1 mM CaCl2, 100 ml of Tween 20 [pH 5.5]).
Subsequently, the diluted cell lysates (50 ml) were transferred into black
96-well microtiter plates (flat-bottomed, polystyrene plates, Greiner Bio
One). Activity determination in 96-well microtiter plate format was subse-
quently performed by supplementing 4-MUP in a substrate solution (50 ml
per well, 1 mM 4-MUP, 250 mM sodium acetate [pH 5.5], 1 mM CaCl2,
100 ml of Tween 20). The YmPh activity was determined as increase in the
relative fluorescence at the excitation/emission maxima (360 nm/465 nm)
using an Infinite M1000 microtiter plate reader (Tecan Group). Three YmPh
wild-type and thee empty vector controls were included in each microtiter
plate. Relative activity for each clone was defined by calculating the increase
of fluorescence over time of each variant (slope) compared to the average
slope (in triplicate) of wild-type. The 4-MUP detection system exhibits a SD
of 11.8%, which was determined by relative fluorescence values over time
of expressed YmPh (+) cells in 96-well microtiter plate format.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and two tables can be found with this article online at http://dx.
doi.org/10.1016/j.chembiol.2014.10.018.
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